Abstract. A line of polyoma-transformed mouse cells has been isolated which is fully susceptible to lytic infection by polyoma virus. This line has been used to select virus mutants which have lost most or all of their ability to grow in the untransformed parental line while retaining the ability to grow in the transformed derivative. These virus mutants are also defective in their ability to transform cells of rat or hamster origin. Since the DNA extracted from the mutants has the same host range as the whole virus, the mutants appear to be blocked at some intracellular step which is required both for the completion of virus development in mouse cells and for transformation in rat or hamster cells.
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It now seems clear that neoplastic transformation of mammalian cells by the small DNA-containing tumor viruses, polyoma and simian virus 40 (SV40), is accompanied by persistence of viral genes, and that some of these genes continue to be expressed in transformed cells in the absence of infectious virus. 2 However, the nature of those gene functions which continue to be expressed by the cell-associated viral genome, and the role such functions might have in directing the transformed state, are unknown. The DNA content of these viruses is small (3 X 106 daltons), corresponding to perhaps 5-8 genes; radiobiological evidence indicates that only a fraction (50-60%) of the small genetic content is required to cause the neoplastic response compared to that required for virus reproduction.3 Thus, whatever these viruses do to cause transformation they do by putting into play only a small number of discrete functions. To further understand this process, it is crucial first to identify what these functions are, and second to determine how the relevant viral functions interact with the host cell to alter its growth.
The search for conditionally lethal mutants of these viruses offers a promising approach for studying the biochemical changes involved in transformation. Mutagenesis: (a) Hydroxylamine: Hydroxylamine was used on a purified stock of small plaque virus by mixing 0.4 ml of the virus in Tris-buffered saline and 0.1 ml of 2 M NH20H + 2 M NaCl, pH 7.0, incubating at 450C for 90 min, and dialyzing against a large volume of buffer at 4VC. The survival of plaque-forming units after this treatment was about 5%. Aliquots of the hydroxylamine-treated virus were then passed once at low multiplicity through 3T3-Py-3 to allow segregation of possible mutational heterozygotes. These lysates were then used for plaque isolations.
(b) Nitrosoguanidine: N-methyl-N'-nitro-N-nitrosoguanidine was added 17 hr after infection of a baby mouse kidney culture with small plaque polyoma virus at a final concentration of 314 1ug/ml. Receptor-destroying enzyme and anti-viral antiserum were present from the third to seventeenth hr to remove residual virus from the inoculum.
The total yield of virus 50 hr after infection was about 3% of the untreated control. The crude lysate from the NG-treated culture was used directly for plaque isolations.
Plaque screening and mutant isolations: Appropriate dilutions of the mutagenized lysates were plated on sub-confluent monolayers of 3T3-Py-3, and single plaques were picked on the fifth to eighth day. Each plaque isolate was then tested for its ability to produce plaques on confluent monolayers of 3T3, or in some instances on mouse embryo secondary cultures. Those isolates were kept which failed to produce distinct plaques after 10-14 days of incubation; three further sequential single-plaque isolations on 3T3-Py-3 were carried out with each such isolate. Wild type unselected plaques on 3T3-Py-3 from a nonmutagenized virus stock were kept as controls. Stocks of all virus isolates were grown on 3T3-Py-3. All isolations, screening, and growth of stocks were done at 37.0-38.5'C unless stated otherwise in the text.
Results and Discussion. Isolation and characterization of polyoma-transformed 3T3 lines: A cell line with the following properties was required as a permissive host for the isolation of virus mutants: (1) transformed by polyoma and virus-free, (2) highly susceptible to productive reinfection by polyoma, and (3) capable of being used in a plaque assay. Whereas polyoma transformants of nonpermissive hosts (rat or hamster) are known to remain nonpermissive, rare transformants which arise after infection of the lytic host (mouse) might retain susceptibility to lytic infection. Previous reports9'10 showing polyomatransformed mouse cells to have increased resistance to reinfection might be explained on the basis of a strong selection for viral resistance which accompanied their isolation rather than an intrinsic "immunity."
Suitable transformants were therefore sought in the following way. 3T3 cells exposed to polyoma at a multiplicity of 10-20 plaque-forming units (PFU)/cell were first washed to remove unadsorbed virus and then plated in agar suspension cultures." High-titer rabbit anti-viral antiserum and receptor-destroying enzyme were added to the soft agar layer to protect the rare emerging transformants from being reinfected and killed by the large amounts of virus being released by the majority of cells. After 9 days in the agar, a number of small clones were picked and re-cloned in liquid media containing antiserum and receptor-destroying enzyme. Clones with transformed morphology were grown, tested for the presence of infectious virus, and re-cloned if necessary until virus-free. Nine such clones with various degrees of transformed morphology were eventually isolated. When these were tested for susceptibility to wild type polyoma in plaque assays, three clones gave no clear plaques and had apparently lost susceptibility to reinfection, while another three could not be maintained in a viable state under agar long enough for plaques to develop. The other three did allow the development of plaques initially. However, two of the last three clones could not be maintained reproducibly under agar on repeated passage; the third one, 3T3-Py-3, continued to remain viable under agar long enough to permit plaque isolations. The presence of polyoma T antigen(s) could be demonstrated in 3T3-Py-3 by complement fixation and the presence of virusspecific RNA by DNA-RNA hybridization.
Isolation of viral mutants: Roughly 900 plaques from the NG-treated and 360 from the HA-treated virus stocks were picked (see Materials and Methods). When tested on 3T3 or mouse embryo secondary cultures, a total of 60 isolates showed either no plaques or turbid plaques appearing several days later than those of wild type. These were then grown in 3T3-Py-3 to titers of 5 X 106 to 2 X 107 PFU'ml and tested for plaques on 3T3 and 3T3-Py-3. Fifty-six behaved like "partial" mutants, giving clear plaques within 5 or 6 days on 3T3-Py-3, and turbid plaques on 3T3 after 9 or 10 days. The remaining four failed to give discernible plaques on 3T3, even at inputs several orders of magnitude higher than required to give plaques on 3T3-Py-3. Further studies were confined to these four virus isolates: NG-18, NG-23, HA-33, and NG-59.
Growth abilities of the mutants in 3T3 and 3T3-Py-3: In contrast to wild type, which has roughly the same efficiency of plating on 3T3 and 3T3-Py-3, the four mutants give discernible plaques only on the transformed line (Table 1) . Cells and media were sonicated, and the virus was assayed on 3T3-Py-3. The numbers given are ratios of output to input virus.
of the mutants, while in 3T3-Py-3, the mutants give values approximately the same as wild type and several hundred times higher than in 3T3. If 3T3 cells infected by the mutants are incubated for a time equivalent to two wild type growth cycles, essentially the same results are obtained.
To test directly whether the reduced burst sizes in 3T3 could be due to failure in adsorption, penetration, or uncoating, infections were done with the DNA's extracted from two of the mutants (Table 3) . The results show the same host * Cultures were first washed with 2 ml Hanks buffer containing 200 ;&g/ml DEAE-Dextran. The DNA, in 0.1 ml Hanks buffer containing 750 ;g/ml DEAE-Dextran, was added for 20 min at room temperature. The cultures were then washed with Hanks and fed. DNA input titers were measured on 3T3-Py-3 in the same way. Virus yields 44 hr after infection with the DNA were measured on 3T3-Py-3.
t DNase treatment was carried out with 0.05 ;sg/ml enzyme for 10 min at 37.50C. range pattern of infectivity as in experiments with whole virus. That the DNA from the mutants does give rise in 3T3 cells to some infectious virus can be explained on the basis of incomplete loss of function (leakiness), or by the encapsidation of input DNA with a bypass of essential early function(s), or both.
It is clear in any case that the restricted growth of the mutants in 3T3 cells is not due simply to a failure in any step prior to uncoating.
Since the mutants were isolated on dividing cells of 3T3-Py-3 and screened for absence of growth on stationary cells of 3T3, the possibility existed of having selected mutants requiring an actively dividing cell in which to grow but being indifferent to the transformed state of its host. This was tested by comparing virus growth in exponential and stationary 3T3 cells ( Properties of the virus particles: The mutant virus particles have properties associated with the capsid which are not detectably different from those of wild type particles. Both mutant and wild type viruses have PFU:HAU ratios in the range of 2-4 X 104. The mutants possess neutralization antigen(s) similar to wild type, as shown by their inactivation by antiserum prepared against wild type particles.
Transformation: All four of the mutants fail to transform rat embryo fibroblasts (Table 5 ). The frequency of transformation is lower by a factor of at Basis of the host range properties of the mutants: A plausible explanation in general terms for the host range properties of the mutants can be based on complementation-the transformed cell expressing (either continuously or upon infection) some function(s) homologous to that of the virus and required by the the latter both to grow in and to transform normal cells. The positive correlation in all four cases studied between the selected property of transformed cell dependence in virus growth and the predicted (unselected) property of being unable to cause transformation suggests that the cell-associated function(s) which allows the mutants to grow is also implicated somehow in the transformed state. This function(s) could be associated with any of the "integrated" viral genes themselves, or with some cellular gene(s) which is expressed specifically in polyoma-transformed cells, or perhaps generally in transformed cells of diverse origin. Further clarification should come from experiments now in progress on the abilities of other cell types (including spontaneously or SV40-transformed lines and phenotypic revertants of polyoma-transformed lines) to support, the growth of the mutants.
